Although alternans of action potential duration (APD) is a robust feature of the rapidly paced canine ventricle, currently available ionic models of cardiac myocytes do not recreate this phenomenon. To address this problem, we developed a new ionic model using formulations of currents based on previous models and recent experimental data. Compared with existing models, the inward rectifier K ϩ current (IK1) was decreased at depolarized potentials, the maximum conductance and rectification of the rapid component of the delayed rectifier K ϩ current (IKr) were increased, and IKr activation kinetics were slowed. The slow component of the delayed rectifier K ϩ current (IKs) was increased in magnitude and activation shifted to less positive voltages, and the L-type Ca 2ϩ current (ICa) was modified to produce a smaller, more rapidly inactivating current. Finally, a simplified form of intracellular calcium dynamics was adopted. In this model, APD alternans occurred at cycle lengths ϭ 150-210 ms, with a maximum alternans amplitude of 39 ms. APD alternans was suppressed by decreasing ICa magnitude or calcium-induced inactivation and by increasing the magnitude of IK1, IKr, or IKs. These results establish an ionic basis for APD alternans, which should facilitate the development of pharmacological approaches to eliminating alternans. action potential duration restitution; calcium current; potassium currents
THE DURATION of the cardiac action potential is determined in large part by the preceding diastolic interval. This relationship between action potential duration and diastolic interval, known as the action potential duration restitution relation, is an important determinant of cardiac dynamics (17) . In particular, if the slope of the restitution relation is Ն1, an alternation of action potential duration, or electrical alternans, commonly develops during high-frequency pacing (2, 8) .
It has been suggested that rate-dependent electrical alternans may be a precursor to the development of ventricular arrhythmias, particularly ventricular fibrillation (VF) (6, 10, 19, 22) . In support of this idea, several recent experiments (5, 11, 23) have shown that when the slope of the restitution relation is Ն1, rapid pacing induces both alternans and fibrillation in isolated ventricles. If the slope of the restitution relation is reduced to Ͻ1, neither electrical alternans nor fibrillation occurs (5, 11, 12, 23) . Unfortunately, the interventions used to date to suppress alternans and fibrillation [high-dose calcium channel blockers (23) , hyperkalemia (12) , and bretylium (5) ] have limited clinical utility. More effective means of suppressing alternans need to be identified, a process that would be facilitated by a more complete understanding of the ionic basis for alternans.
One approach to determining the ionic basis for alternans is to use a computer model, several of which have been developed. For example, Luo and Rudy (15, 16) , using data obtained primarily from guinea pig myocytes, developed a comprehensive ionic model (LR1) that subsequently was updated (LRd) to include formulations for the rapid and slow components of the delayed rectifier K ϩ current (I Kr and I Ks , respectively). Recently, Winslow et al. (26) modified the LRd model using data for ionic currents obtained from canine ventricular myocytes (CVM) and a formulation for calcium dynamics developed originally in guinea pig myocardial cells (9) . An alternative formulation for calcium dynamics has been proposed by Chudin et al. (1) in their modification of the LR1 model. Each of the models described above has limitations with respect to the study of the ionic basis for electrical alternans. The Winslow and LRd models do not produce sustained alternans at rapid pacing rates, whereas the Chudin model, which does generate electrical alternans, lacks formulations for repolarizing K ϩ currents likely to contribute importantly to alternans [I Kr , I Ks , and the transient outward K ϩ current (I to )].
Given that a complete ionic model that generates electrical alternans is not currently available, we set out to develop such a model, guided by the results obtained from our experimental studies in the canine ventricle (11, 23) . Our initial objectives were to develop an ionic model of the CVM that exhibits stable electrical alternans and to use the model to identify the ionic currents responsible for alternans. Once the relevant ionic currents were identified, we then manipulated these currents to eliminate alternans. Our expectation is that the same ionic manipulations that suppress alternans in the ionic model will suppress fibrillation in vivo, in which case the results of the present study may suggest novel approaches to the prevention of VF. 
Glossary

MATERIALS AND METHODS
To study the ionic mechanism of electrical alternans in canine myocytes, we constructed a CVM model using appropriate formulations of ionic currents from the LRd, Winslow, and Chudin models, altered as necessary to fit experimental voltage-clamp data from CVM. It has been well established that cellular electrical properties in the canine ventricle vary, both between right and left ventricles and within a given ventricle, according to whether a cell resides in the epicardium, endocardium, or midmyocardium (13, 14) . Because the Winslow model is the only existing ionic model based on the electrical properties of the canine ventricle, we elected to use that model as the basis for the CVM model. Consequently, the CVM model, like its predecessor, recreates the midmyocardial or M cell action potential. Further alterations of various currents, including I Ks, Ito and INaCa, would be required to model the electrical activity of canine endocardial and epicardial myocytes (13, 29) .
The CVM model contains the following ionic current formulations
Stimulus current. Istim used to drive the model was a square wave pulse consisting of Ϫ80 A/F of current for 1 ms.
Sodium current. I Na was the same as that used in the Winslow model (26) except that the discontinuities in the h and j gate formulations were removed.
Inward rectifier K ϩ current. IK1 was formulated to agree with data from Freeman et al. (4) . These data indicate a smaller outward current at depolarized potentials than is seen in the Winslow model
IKr was fit to the data from Gintant (7) . In particular, we reproduced the voltage-clamp experiment used to generate Fig. 2 in his paper. The Winslow formulation of the current was altered to increase rectification, slow kinetics at depolarized potentials, and increase maximum conductance
Slow component of the delayed rectifier K ϩ current. IKs was fit to data from Varro et al. (25) , specifically the results shown in Fig. 2 of their paper. The Winslow model was altered to increase the magnitude of the current and shift activation to less positive voltages
Transient outward K ϩ current. Ito in the model was the same as that in the Winslow model
Plateau K ϩ current. IKp was the same as that in the Winslow model
Na ϩ -K ϩ pump current. INaK was the same as that in the LRd model
Na ϩ /Ca 2ϩ exchange current, sarcolemmal pump current, and Ca 2ϩ and Na ϩ background currents. INaCa, IpCa, ICab, and INab were the same as those in the Winslow model
L-type Ca 2ϩ channel current. ICa in the model was a modified version of that found in the LRd model. A time-dependent, enhanced Ca 2ϩ -induced inactivation was used, as well as a decrease in the current magnitude. These changes produced a smaller, more rapidly inactivating Ca 2ϩ current, in agreement with experimental observations by A. C. Zygmunt (personal communication)
K ϩ current through the L-type Ca 2ϩ channel. ICaK was also a modified version of the LRd formulation
Calcium handling. A modified form of the intracellular calcium dynamics from Chudin et al. (1) was used. We included buffering from calmodulin in the cytoplasm and calsequestrin in the SR, omitted spontaneous release of calcium from the SR, and combined the concentrations of calcium in the JSR and NSR into a single variable
Numerical methods. The equations listed above were solved using parameter values and initial conditions found in Table 1 . The simulations were run on Macintosh G3 and G4 computers using a program written in C. The numerical integration scheme was similar to that used in Luo and Rudy (15, 16) and in Rush and Larsen (24) . Briefly, the time steps of integration were made small enough so that the changes in voltage and in calcium concentrations remained below maximum values, ⌬V max and ⌬Camax. If the changes in voltage and calcium concentration were below a minimum value (⌬V min and ⌬Camin), the time step was increased. By keeping the changes in voltage small, we could solve the linear gate variable equations exactly during each time step. We used the following values: ⌬V max ϭ 0.8 mV, ⌬Vmin ϭ 0.2 mV, ⌬Camax ϭ 1.067 ϫ 10 Ϫ2 M, and ⌬Caminϭ2.67 ϫ 10 Ϫ3 M. (See Refs. 15, 16, and 24 for more details.) The other timedependent variables in the model were solved using the adaptive fourth-order Runge-Kutta method (21) . The errors were normalized as described in Jafri et al. (9) . We used a maximum error of 1 ϫ 10 Ϫ6 , a minimum time step of 0.005 ms, and a maximum time step of 0.5 ms. During the stimulus, the step size was fixed at 0.005 ms.
To further increase computational speed, lookup tables were used to avoid repeatedly calculating exponentials and other computationally expensive functions. The lookup tables were calculated once before each simulation for 15,000 values of voltages ranging from Ϫ100 to ϩ100 mV. Values of voltages lying between the indexes of the lookup table were calculated using linear interpolation. To check that these numerical techniques did not affect the accuracy of the simulation, simulations also were run using no lookup tables, with a maximum time step of 0.1 ms. The action potential durations throughout a pacedown from a pacing cycle length of 400 ms to a cycle length of 90 ms differed by Ͻ1% between the two simulations.
Restitution relations were generated using the procedure described in Koller et al. (11) , where action potential duration was expressed as a function of the preceding diastolic interval. The magnitude of action potential duration alternans was defined as the difference in action potential duration between two consecutive action potentials. Action potential duration was measured to 95% of repolarization.
RESULTS
Action potential and ionic currents. Figure 1 illustrates the action potentials, ionic currents, and Ca 2ϩ transients generated by the CVM model at a pacing cycle length of 400 ms. The action potential (Fig. 1A) was characterized by the familiar spike-and-dome morphology of canine midmyocardial cells. I Ca (Fig. 1B) was of smaller magnitude and inactivated more rapidly than I Ca in previous models, in agreement with the recent experimental observations of A. C. Zygmunt (private communication). The time course and magnitude of [Ca 2ϩ ] i (Fig. 1D ) was similar to experimental results reported previously (1, 26) , indicating that the simplified calcium handling in the CVM model generated realistic Ca 2ϩ transients.
As shown in Fig. 1F , I Kr increased significantly toward the end of plateau, in good agreement with the data from Gintant (7) . In contrast, I Ks was too small to contribute significantly to repolarization at this cycle length (Fig. 1G , note the current scale compared with Fig. 1F ), primarily because of its very slow recovery from deactivation (25) .
Electrical alternans. The CVM model generated electrical alternans at physiologically relevant pacing cycle lengths. Figure 2 shows the action potential and selected plateau currents at a cycle length of 180 ms, where the CVM model produced stable alternans of large magnitude. Note that I Ca , f Ca , and the Ca 2ϩ transient were significantly different between the long and short action potentials, whereas peak I Kr and peak inward I NaCa were not. I Ks varied in magnitude between the long and short action potentials, but the peak current magnitude remained small. Figure 3 shows the relationship between action potential duration and the pacing cycle length over the range of cycle lengths that produced electrical alternans (400-90 ms; Fig. 3A ) and over a wider range of cycle lengths (8,000-90 ms; Fig. 3C ). Action potentials generated at several different pacing cycle lengths are shown in Fig. 3D . The model generated electrical alternans over a wide range of pacing cycle lengths, in association with a region of the restitution relation having a slope equal to 1 (Fig. 3B) . At cycle lengths Ͻ150 ms, alternans was absent. The initial increase in alternans magnitude as the pacing cycle length was shortened, followed by a subsequent decrease in alternans magnitude with a further shortening of the cycle length, is in good agreement with experimental data (11). Role of plateau Na ϩ and Ca 2ϩ currents in alternans. The large difference in I Ca between the long and short action potentials shown in Fig. 2 suggests that I Ca contributes significantly to the development of alternans. Experiments using calcium channel blockers also have indicated that I Ca may mediate alternans (23) . To simulate the effects of a generic calcium channel blocker in the model, we decreased the magnitude of I Ca by 20%. Figure 4 shows the action potential and plateau currents in the decreased I Ca model at a pacing cycle length of 180 ms. No alternans of I Ca or action potential duration occurred at this or any other pacing cycle length. As expected, the restitution relation lacked a region of slope equal to 1 (Fig. 5A) .
The elimination of alternans in the reduced I Ca model was mediated primarily by alterations of calcium-induced inactivation of I Ca and the resultant changes in action potential duration (Fig. 6A) . After a long diastolic interval, calcium-induced inactiva-tion recovered to a nearly maximal value, which resulted in a large I Ca during the next action potential and a correspondingly long action potential duration. Because of the long action potential duration, the next diastolic interval was shortened. Consequently, the calcium-induced inactivation gate did not recover fully by the time the next stimulus was applied. The subsequent I Ca was smaller, causing a shorter action potential duration. A long diastolic interval followed the short action potential duration, and the cycle repeated.
When I Ca was diminished, the action potential duration was shortened, resulting in a prolongation of diastolic interval (Fig. 6B) . The longer diastolic interval allowed for complete recovery of f Ca . Consequently, I Ca was constant for each action potential, although reduced in magnitude. According to the scenario described above, not only should a reduction of I Ca decrease alternans magnitude, but an increase in I Ca should increase alternans magnitude. To test this hypothesis, the magnitude of I Ca was varied, and the resultant magnitude of action potential duration alternans was measured. As shown in Fig. 7 , alternans magnitude was proportional to the magnitude of I Ca . In addition, alternans magnitude could be altered predictably by varying the time constant for calcium-induced inactivation ( f Ca ), where decreasing f Ca eliminated alternans of I Ca and action potential duration, secondary to a reduction in the magnitude of I Ca , and increasing f Ca had the opposite effects.
The magnitude of action potential duration alternans also could be altered by changing the magnitude of I Na and I NaCa (Fig. 7) . As I Na was increased (by increasing G Na ), alternans magnitude decreased. Conversely, alternans magnitude was increased after a reduction of I Na . Both increases and decreases of I NaCa , secondary to alterations of k NaCa , reduced the magnitude of action potential duration alternans.
Role of repolarizing K ϩ currents in alternans. The effects of altering I to , I Kp , I K1 , I Kr , and I Ks on alternans also were determined (Fig. 7) . The magnitude of each of the currents was increased individually until alternans no longer occurred during pacing at any cycle length.
Elimination of alternans occurred after increasing I to by Ն10%, I K1 by Ն7%, or I Kr by Ն62%. A substantially greater increase in the magnitude of I Ks or I Kp was required to eliminate alternans. Decreasing the magnitude each of the K ϩ currents increased the magnitude of action potential duration alternans with the exception of I to , where decreasing the magnitude of the current decreased the alternans magnitude.
Increasing I K1 , I Kr , or I Ks reduced action potential duration from a control value of 220 ms to 211, 211 and 197 ms, respectively, at a pacing cycle length of 1,000 ms. Despite the reduction in action potential duration, the magnitudes of I Ca and the Ca 2ϩ transient were minimally affected, both at short pacing cycle lengths (compare Figs. 2 and 8 ) and at a cycle length of 1,000 ms: peak I Ca magnitudes for control and elevated I K1 , I Kr , and I Ks were Ϫ1.57, Ϫ1.57, Ϫ1.57, and Ϫ1.58 pA/pF, respectively, and peak [Ca 2ϩ ] i magnitudes were 2.15, 2.10, 2.12, and 2.04 M, respectively.
DISCUSSION
We developed an ionic model of the canine ventricular muscle cell that generates physiologically realistic action potential duration alternans characterized by a large magnitude and a wide range of pacing cycle lengths over which they appear. Action potential duration alternans was caused primarily by an alternans of I Ca , where the latter resulted from the time-dependent behavior of the calcium-induced inactivation gate, f Ca . Alternans was suppressed by reducing the magnitude of I Ca as well as by increasing the magnitude of selected repolarizing K ϩ currents. Although the CVM model has some limitations, as discussed below, it is the first ionic model of the CVM that reproduces physiological alternans at rapid pacing rates. As such, it provides a useful simulation tool for studying the complicated interactions of cardiac membrane currents. Role of I Ca in alternans. The development of action potential duration alternans required that 1) the duration of the action potential have a sensitive dependence on I Ca and 2) the recovery of I Ca have a sensitive dependence on diastolic interval. The first condition applied so long as there was a relative balance of repolarizing K ϩ current and I Ca during the action potential plateau. The second condition was manifest during pacing at short cycle lengths, where partial recovery of I Ca after short diastolic intervals resulted in short action potential durations, followed by long diastolic intervals. Nearly complete recovery of I Ca after long diastolic intervals produced action potentials with long durations, followed by short diastolic intervals. By this mechanism, a self-perpetuating sequence of long-short action potential durations was established. A similar mechanism likely contributed to action potential duration alternans in previously published ionic models (1, 22) , although alternans of I Ca was not specifically reported in those studies.
After the magnitude of I Ca was reduced by decreasing P Ca or increasing calcium-induced inactivation, the balance of I Ca and repolarizing K ϩ currents was shifted in favor of the repolarizing currents, resulting in shorter action potential durations. The resultant longer diastolic intervals allowed for complete recovery of I Ca , albeit to a lesser magnitude, during pacing at cycle lengths that induced alternans in the control model. At even shorter pacing cycle lengths, diastolic intervals were too short to allow full recovery of I Ca . However, because of the reduced magnitude of I Ca and rate-dependent accumulation of incompletely deactivated K ϩ current, the dependence of action potential duration on I Ca was minimized and action potential durations remained consistently short. A similar mechanism accounts for the attenuation of alternans in the control model at very short pacing cycle lengths (Fig. 3) .
Role of repolarizing K ϩ currents in alternans. Beatto-beat alterations of I K1 , I Kr , and I Ks appeared to play a minor role in mediating alternans. As expected, I K1 , which has no time dependence, displayed no beat-tobeat variations in magnitude, whereas the beat-to-beat changes in I Ks were too small to affect action potential duration appreciably at short pacing cycle lengths. Total I Kr also alternated during alternans; however, peak I Kr did not, suggesting that alternation of I Kr resulted from alternans of action potential duration rather than vice versa.
Although the beat-to-beat variations of I K1 , I Kr , and I Ks did not contribute appreciably to alternans, increasing any one of these currents sufficiently suppressed alternans. The mechanism for this effect was analogous to that described in Role of I Ca in alternans for the suppressant effects of reducing I Ca on alternans. With elevation of I K1 , I Kr , or I Ks , the balance of repolarizing K ϩ currents and I Ca during the action potential plateau was skewed, resulting in consistently short action potential durations. Consequently, the pattern of action potential duration and diastolic interval was similar to that shown in Fig.  6B except that I Ca not only recovered fully but also achieved a larger magnitude. 
